Abstract. Studying the mechanics of nanometer-scale biomolecules presents many challenges; these include maintaining light microscopy image quality and avoiding interference with the laser used for mechanical manipulation, that is, optical tweezers. Studying the pushing forces of a polymerizing filament requires barriers that meet these requirements and that can impede and restrain nanoscale structures subject to rapid thermal movements. We present a flexible technique that meets these criteria, allowing complex barrier geometries with undercut sidewall profiles to be produced on #1 cover glass for the purpose of obstructing and constraining polymerizing filaments, particularly microtubules. Using a two-layer lithographic process we are able to separate the construction of the primary features from the construction of a depth and shape-controlled undercut. The process can also be extended to create a large uniform gap between an SU-8 photoresist layer and the glass substrate. This technique can be easily scaled to produce large quantities of shelfstable, reusable microstructures that are generally applicable to microscale studies of the interaction of cellular structures with defined microscale features.
Introduction
Optical tweezers have become a core tool for studying force and displacement generated by single biological molecules (e.g. Allersma et al., 1998; Baldi et al., 2003; Felgner et al., 1996; Mehta et al., 1998; Meiners and Quake, 2000; Visscher et al., 1999) . Typically, optical tweezers are applied to manipulate and measure forces on a trapped microbead attached to a molecule of interest. Optical tweezers have generally been used to study molecules that pull or tug against the resistance of the optical trap; however, biological structures are not limited to exerting pulling forces, and applying optical tweezers to study pushing forces (specifically the force generated by a filament polymerizing into an obstruction) requires additional considerations.
Here we describe microengineered systems for broad study of polymerization forces and the role of compression and/or buckling in the behavior of biological filaments. This technology combines engineered micron-scale barriers to obstruct and restrain the tip of a filament, and optical tweezers to exert and measure the force at the tip. We demonstrate the utility of our method using microtubules (MTs) and a simple, single laser trap geometry to both exert force and measure growth rates. Our approach could be broadly adapted to study the important roles of polymer dynamics in cell biology including: lysteria locomotion, MT dynamics, actin, intermediate filaments, neurite outgrowth, acrosomal reactions and pseudopod and microspike extension (Lodish et al., 2000) .
The approach reported here makes several important improvements over previous methods, elevating the study of polymerization forces to the accuracy and resolution that optical tweezers have brought to the study of motor proteins. We entirely eliminate reliance on analysis of image data and/or buckled filaments to determine the force on the MT tip or the growth rate (Dogterom and Yurke, 1997). Thus, our approach dramatically improves the resolution by eliminating sources of error associated with modeling the polymerizing MT as a buckling column and analysis of video microscopy data. Furthermore, the spatial and temporal resolution of back focal plane interferometry as employed in our system (Brouhard et al., 2003) greatly exceeds the light resolution limit and video data rate. Finally, we do not have to employ multiple traps and microbeads to control the MT (e.g., Kerssemakers et al., 2003) , greatly simplifying experimental set up, instrument calibration and data collection.
Design
Such significant improvements were achieved by integrating a system of microfabricated structures with optical tweezers (Brouhard et al., 2003) and light microscopy. This integration required novel, engineered barriers with controlled three dimensional structure to allow full microscope and optical tweezers function while working with polymerizing filaments. Figure 1 shows a side and top view of the structures. A sharp vertex in the top view constrains the MT tip, preventing thermal events from diverting the MT tip away from the intended obstruction. The angle, α, is designed small enough to constrain the MT tip in the vertex but still large enough to avoid interference between the laser that forms * Corresponding author. 
